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How do galaxies acquire their gas?
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How do galaxies acquire their gas?
Fresh fuel is required (e.g., DLAs at z>1; PHW05)
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How do galaxies acquire their gas?

 “Cold” stream gas, 
e.g.  Keres+05, F-G+10, Fumagalli+11
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How do galaxies acquire their gas?

 “Cold” stream gas, 
e.g.  Keres+05, F-G+10, Fumagalli+11
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projected temperature
Figure 7. Density and temperature distribution of individual gas elements for a ' 1011.5M� halo at z = 2 in GADGET (left panels)
and AREPO (right panels). The top panels show gas of all temperatures, while the middle panels show only gas with instantaneous
temperature T < 105 K. Ticks are color coded by instantaneous temperature and with directions representative of the local velocity field.
The bottom panels show the mass-weighted temperature projection for lines of sight through a larger cube of side length 5rvir. The same
dark matter halo in AREPO has a less extended hot component than its GADGET counterpart. In both cases locally overdense and
overcool filamentary gas structures penetrate the hot halo at rvir and deliver gas to smaller radii. In GADGET these filaments become
extremely collimated and cold at ⇠0.5rvir whereas in AREPO they tend to become more di↵use, dissipate, or experience significant
heating. This last case can be seen at the top of the left filament which shows a thin, ⇠ 106 K streamer.

c� 0000 RAS, MNRAS 000, 000–000

But the picture continues to develop...
e.g.  Nelson+13

Fresh fuel is required (e.g., DLAs at z>1; PHW05)
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and AREPO (right panels). The top panels show gas of all temperatures, while the middle panels show only gas with instantaneous
temperature T < 105 K. Ticks are color coded by instantaneous temperature and with directions representative of the local velocity field.
The bottom panels show the mass-weighted temperature projection for lines of sight through a larger cube of side length 5rvir. The same
dark matter halo in AREPO has a less extended hot component than its GADGET counterpart. In both cases locally overdense and
overcool filamentary gas structures penetrate the hot halo at rvir and deliver gas to smaller radii. In GADGET these filaments become
extremely collimated and cold at ⇠0.5rvir whereas in AREPO they tend to become more di↵use, dissipate, or experience significant
heating. This last case can be seen at the top of the left filament which shows a thin, ⇠ 106 K streamer.

c� 0000 RAS, MNRAS 000, 000–000

But the picture continues to develop...
e.g.  Nelson+13

Theoretical ingredients:  Gravity, hydrodynamics 
(cooling/heating), radiative transfer.

Not needed: Magnetic fields, star-formation, dust?! 

Fresh fuel is required (e.g., DLAs at z>1; PHW05)
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What is the halo mass dependence?

SPH; z~2
van de Voort+ 11

Mhalo = 1011.5 M¤
500 kpc
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What is the halo mass dependence?

SPH; z~2
van de Voort+ 11

Mhalo = 1011.5 M¤
500 kpc Mhalo = 1012 M¤

Increasing Halo Mass
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What is the halo mass dependence?

SPH; z~2
van de Voort+ 11

Mhalo = 1012.5 M¤

Mhalo = 1011.5 M¤
500 kpc Mhalo = 1012 M¤

Increasing Halo Mass
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What is the halo mass dependence?

SPH; z~2
van de Voort+ 11

Mhalo = 1012.5 M¤

Mhalo = 1011.5 M¤
500 kpc Mhalo = 1012 M¤

Increasing Halo Mass

Zeroth-order prediction:  More hot (virialized) gas in 
higher mass halos 
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Galactic Halo Gas
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Galactic Halo Gas
QSOALS / Lya Forest Discovered
Bahcall, Greenstein, Burbidge(s)

1960s

QSOALS from Galaxy Halos
Bahcall & Spitzer

1969

Science Case Built for HST
Early SWGs

late 60s - 1977

Proposed that the QSOALS then known arose in extended galaxy halos: R = 100 kpc versus 
the 10-20 kpc then believed based on optical and radio measurements. 

HST Launched 
(STS-31)

April 1990

M. Burbidge et al. 

Intervening Absorbers

7
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What is the Circumgalactic Medium?
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What is the Circumgalactic Medium?

Let me offer a semi-quantitative definition.
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The Interstellar Medium (ISM)

ISM:  The gas, metals, and dust that fill the space 
between stars in a galaxy.

T < 104 K

δρ/ρ > 103

ΔR < 10 kpc
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The Intergalactic Medium (IGM)

T  ~ 104 K

δρ/ρ < 10

ΔR > 300 kpc

IGM:  The diffuse and highly ionized gas that permeates 
the volume between (and far from) galaxies.

Norman+10

Wednesday, March 20, 13



The Intergalactic Medium (IGM)

T  ~ 104 K

δρ/ρ < 10

ΔR > 300 kpc

IGM:  The diffuse and highly ionized gas that permeates 
the volume between (and far from) galaxies.

Norman+10
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The Intergalactic Medium (IGM)

Old-school:   Any absorption lines in QSO spectra

a.k.a:   The “Cosmic Web”
a.k.a:   The Lyα Forest
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The Warm-Hot Ionized Medium (WHIM)

T  > 105 K

δρ/ρ < 10

ΔR > 1 Mpc

WHIM:  The shock-heated and highly ionized gas that 
permeates the volume between (and far from) galaxies.

Cen+Ostriker 97
Smith+ 11

The Astrophysical Journal, 731:6 (21pp), 2011 April 1 Smith et al.

Figure 18. Projections through the full simulation box of run 50_1024_2 at z = 0 of mass-weighted mean baryon overdensity (top left), mass-weighted mean
temperature (top right), and O vi number density, with fO vi calculated assuming CIE (bottom left) and including photoionization (C+P, bottom right). Projections are
constructed by summing the values in all grid cells along the line of sight. For weighted projections, each pixel in the image is calculated as

∑
i

miwi/
∑
i

wi , where

mi is the projected quantity and wi is the weighting quantity. For more information, see Turk et al. (2011).
(A color version of this figure is available in the online journal.)

we find nH ∝ N0.5
O vi. The slope of this increase is signif-

icantly steeper with the CIE model. At the minimum col-
umn density measured, the average gas density associated
with O vi absorbers from the CIE model is approximately
1.5 orders of magnitude lower than with the C+P model. For
NO vi > 1015 cm−2, the associated gas density is roughly similar
for both models, with nH ≈ 4.5×10−5 cm−3 or δH ≈ 240. With
WMAP-7 parameters, Ωbh

2 = 0.02260 ± 0.00053, the baryon
density ρb and corresponding hydrogen number density nH can
be written as

ρb = (4.26 × 10−31 g cm−3)(1 + z)3 δH,

nH = (1.90 × 10−7 cm−3)(1 + z)3 δH , (6)

where δH is the overdensity factor.

The spatial difference between O vi in the CIE model and
the C+P model is made clear in Figure 18, where we show
projections through the full simulation box at z = 0 of mass-
weighted mean baryon density and temperature, along with O vi
column density, using both fO vi models for run 50_1024_2.
With the CIE model, O vi exists spatially much further from
collapsed structures, where the gas temperature is in the optimal
range for O vi. However, with the C+P model, gas that would
have a high fO vi in CIE is instead photoionized to higher
ionization states. In this case, O vi is confined primarily to IGM
filaments.

With the CIE model, the metallicity of O vi absorbers is
relatively independent of column density and consistent with
Z = Z% up to NO vi ≈ 1015 cm−2. With the C+P model
the metallicity rises with column density from ∼10−1 Z% at

16

Strictly speaking, this is also the IGM.
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The Intracluster Medium (ICM)

ICM:  The gas, metals, and dust that fill the space 
between galaxies in a cluster.

T  > 106 K

δρ/ρ = 102 -103

ΔR = 0.1 - 1 Mpc
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The Circumgalactic Medium (CGM)

CGM:  The gas, metals, and dust that fill the space 
in (and around) a galaxy’s dark matter halo.

Simulated Gaseous Halos 3

star formation and feedback:

• we use the more common Chabrier (2003) IMF
which creates more massive stars for a given stellar
mass;

• the star formation density threshold is increased to
9.3 cm−3;

• the energy input from supernovae is increased to
1051 ergs;

• we include energy from radiation released by the
massive young stars before they explode as super-
novae.

Radiation pressure from massive stars can have signif-
icant effects on the scales that are resolved in our simu-
lations (Nath & Silk 2009; Murray et al. 2011). Massive
stars typically produce 1050 ergs of energy per M",
yet this couples only weakly to the ISM (Freyer et al.
2006). To mimic this inefficiency, we inject a fraction
of the energy as thermal energy in the surrounding gas,
and do not turn off cooling (for details see Brook et al.
2011b). Such thermal energy injection is highly ineffi-
cient at the spatial and temporal resolution of cosmo-
logical simulations, and is rapidly radiated away(Katz
1992) This feedback is even less efficient at low resolu-
tion. Following a parameter search designed to match
the stellar mass - halo mass resolution from halo
abundance matching (Moster et al. 2010), we in-
ject 17.5% of radiation pressure to the surrounding gas
as thermal energy in the lower resolution (HM) simula-
tion, but only 10% in the higher resolution runs(LM).
The overall coupling of energy to the ISM is minimal,
but sufficient to reduce star formation in the region im-
mediately surrounding a recently formed star particle.
HM LF and HM MF use the same initial conditions

and each simulated galaxy has an absolute V -band mag-
nitude MV ≈ −20.8 implying a luminosity L ≈ 0.8L∗.
This is somewhat surprising given that the two runs yield
very different stellar masses for the galaxy; this differ-
ence is compensated by the fact that each galaxy fol-
lows a very different star formation history (see Figure
7) such that the different stellar ages result in compa-
rable V-band luminosity, but B − V colours of 0.37 for
HM MF and 0.55 for HM LF. HM MF was analysed in
Macciò et al. (2012). LM LF and LM MF use different
initial conditions of similar halo mass. They are selected
because each has MV ≈ −19. The LM LF initial condi-
tions run with MaGICC feedback have MV ≈ −16.2.
To summarize the internal properties of the galaxies,
the lower feedback galaxies suffer from the problems of
angular momentum loss that have long plagued galaxy
formation simulations: dense central stellar bulges, cen-
trally peaked rotation curves, dark matter cusps and too
many stars relative to halo mass compared to observa-
tions. The MaGICC feedback simulations result in galax-
ies which match the stellar mass-halo mass relation, have
slowly rising rotation curves, and dark matter cores. The
MaGICC feedback simulations provide significantly bet-
ter matches to internal properties of observed disc galax-
ies.

Figure 1. Column density maps of HI (top) and OVI (bottom)
of the low (left) and high (right) feedback simulations. The maps
are all aligned so that the discs of the galaxies are edge on to
the viewer. The results on scales greater than 10 kpc are
relatively independent of viewing angle.

3. RESULTS

To study the CGM properties of the simulated galaxies,
we find the galaxy using the Amiga Halo Finder (Knoll-
mann & Knebe 2009) and define its center and systemic
velocity by the position and velocity of the particle with
the lowest potential. We may then sample the CGM at a
range of impact parameters ρ. To generate surface den-
sity maps of the CGM, we sum each box over 1 Mpc
along the line of sight. The maximum velocity of the
material in the box is |δv| < 200 km s−1. To estimate the
specific column densities of HI and OVI, we must esti-
mate the ionization state of the gas along each sightline.
Under equilibrium conditions, which we assume apply,
the ionization state is determined by the incident radi-
ation field (photoionization) and temperature of the gas
(collisional ionization). A proper handling of radiative
transfer effects are beyond the scope of this present pa-
per. Instead, we examine the simulations in regions ex-
pected to correspond to optically thin material, i.e. where
the HI column density is low because the gas is expected
to be highly ionized.
We calculated the ionization states for hydrogen and

oxygen throughout the zoomed region assuming optically
thin conditions and the Haardt & Madau (2011) UV radi-
ation field evaluated at z = 0. With the Cloudy software
package (v10.0) last described in Ferland et al. (1998),
we generated a suite of models varying the density, tem-
perature, and metallicity of the medium and used the
output to find the OVI and HI fractions for all the gas
in the simulation.
In Figure 1 we present column density maps for HI

and OVI for the LF and MF runs of galaxy HM. Both
simulations predict a CGM extending to at least 100 kpc
traced by cool HI gas and the more highly ionized OVI
gas. Figure 2 presents three phase-diagrams of the CGM
material in each galaxy. The top phase diagrams include
the total halo gas mass in the simulations. The middle

T = 104 - 106 K

δρ/ρ = 10 - 103

ΔR = 10 - 300 kpc

Chynnoweth+08 Stinson+12
Ford+12
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The Mediums

ISM

CGM

ICM
WHIM

IGM

v1.0
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Do all galaxies have a CGM?
How far does it extend?

Is the CGM enriched in metals?
What is its baryonic contribution?

Does this medium feed galaxies?
Is there a warm/hot phase?

How does the CGM connect to 
feedback processes?

The Circumgalactic Medium (CGM)
Diffuse gas, including metals, in the halos of galaxies (and beyond).

 “Cold” stream gas, e.g.
Fumagalli+11
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(Largely bound to the DM Halo)

Galactic-scale outflows;
e.g. Weiner+09, Rubin+12

Wednesday, March 20, 13



The Circumgalactic Medium at z=0

Wakker+08; Putman+11; Lehner&Howk 11

HVCs

The Milky Way is surrounded by a cool, diffuse, HI 
complex of clouds, traced by 21cm emission.  

This gas may be fueling current star-formation.
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The Circumgalactic Medium at z>0.001

The CGM is very difficult (too diffuse) to trace in 
emission beyond the Local Group.

Driven to absorption-line techniques which are 
orders of magnitude more sensitive.

Chynnoweth+08 Tumlinson+10
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(UV) CGM/IGM Diagnostics
ΔE ~ 1 Ryd

Lyman Series
  Radiatively excited
  Also follow recomb.

Lyman Limit
  Photoionization

Lyβ 1025Å
Lyα 1215Å

LyC 912ÅHI
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(UV) CGM/IGM Diagnostics
ΔE ~ 1 Ryd

Lyman Series
  Radiatively excited
  Also follow recomb.

Lyman Limit
  Photoionization

Lyβ 1025Å
Lyα 1215Å

LyC 912ÅHI Metals (Resonance)
NeVIII λλ 770, 780 Å
OVI λλ 1031, 1307Å

SiIV λλ 1393, 1402Å
CIV λλ 1548, 1550Å

CIII λ 977Å
SiIII λ 1206Å

CII λλ 1036, 1334Å
SiII λλ 1260, 1304, 1526Å
MgII λλ 2796, 2803Å

CI λλ 1560, 1656Å

High {

High {

Inter.{

Low{
Low {
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39	
  QSO	
  sightlines	
  in	
  134	
  HST	
  
orbits,	
  and	
  3	
  Keck	
  nights;	
  
67	
  galaxy	
  spectra	
  in	
  3	
  Keck	
  nights

Background	
  light	
  
source	
  (QSO)

The	
  “COS-­‐Halos”	
  Survey

Probing	
  the	
  CGM	
  of	
  z~0	
  L*	
  Galaxies
Tumlinson,	
  JXP,	
  Werk,	
  Thom,	
  Tripp,	
  Peeples,	
  Ford,	
  Dave,	
  etc.

The	
  CGM
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Simulated Gaseous Halos 3

star formation and feedback:

• we use the more common Chabrier (2003) IMF
which creates more massive stars for a given stellar
mass;

• the star formation density threshold is increased to
9.3 cm−3;

• the energy input from supernovae is increased to
1051 ergs;

• we include energy from radiation released by the
massive young stars before they explode as super-
novae.

Radiation pressure from massive stars can have signif-
icant effects on the scales that are resolved in our simu-
lations (Nath & Silk 2009; Murray et al. 2011). Massive
stars typically produce 1050 ergs of energy per M",
yet this couples only weakly to the ISM (Freyer et al.
2006). To mimic this inefficiency, we inject a fraction
of the energy as thermal energy in the surrounding gas,
and do not turn off cooling (for details see Brook et al.
2011b). Such thermal energy injection is highly ineffi-
cient at the spatial and temporal resolution of cosmo-
logical simulations, and is rapidly radiated away(Katz
1992) This feedback is even less efficient at low resolu-
tion. Following a parameter search designed to match
the stellar mass - halo mass resolution from halo
abundance matching (Moster et al. 2010), we in-
ject 17.5% of radiation pressure to the surrounding gas
as thermal energy in the lower resolution (HM) simula-
tion, but only 10% in the higher resolution runs(LM).
The overall coupling of energy to the ISM is minimal,
but sufficient to reduce star formation in the region im-
mediately surrounding a recently formed star particle.
HM LF and HM MF use the same initial conditions

and each simulated galaxy has an absolute V -band mag-
nitude MV ≈ −20.8 implying a luminosity L ≈ 0.8L∗.
This is somewhat surprising given that the two runs yield
very different stellar masses for the galaxy; this differ-
ence is compensated by the fact that each galaxy fol-
lows a very different star formation history (see Figure
7) such that the different stellar ages result in compa-
rable V-band luminosity, but B − V colours of 0.37 for
HM MF and 0.55 for HM LF. HM MF was analysed in
Macciò et al. (2012). LM LF and LM MF use different
initial conditions of similar halo mass. They are selected
because each has MV ≈ −19. The LM LF initial condi-
tions run with MaGICC feedback have MV ≈ −16.2.
To summarize the internal properties of the galaxies,
the lower feedback galaxies suffer from the problems of
angular momentum loss that have long plagued galaxy
formation simulations: dense central stellar bulges, cen-
trally peaked rotation curves, dark matter cusps and too
many stars relative to halo mass compared to observa-
tions. The MaGICC feedback simulations result in galax-
ies which match the stellar mass-halo mass relation, have
slowly rising rotation curves, and dark matter cores. The
MaGICC feedback simulations provide significantly bet-
ter matches to internal properties of observed disc galax-
ies.

Figure 1. Column density maps of HI (top) and OVI (bottom)
of the low (left) and high (right) feedback simulations. The maps
are all aligned so that the discs of the galaxies are edge on to
the viewer. The results on scales greater than 10 kpc are
relatively independent of viewing angle.

3. RESULTS

To study the CGM properties of the simulated galaxies,
we find the galaxy using the Amiga Halo Finder (Knoll-
mann & Knebe 2009) and define its center and systemic
velocity by the position and velocity of the particle with
the lowest potential. We may then sample the CGM at a
range of impact parameters ρ. To generate surface den-
sity maps of the CGM, we sum each box over 1 Mpc
along the line of sight. The maximum velocity of the
material in the box is |δv| < 200 km s−1. To estimate the
specific column densities of HI and OVI, we must esti-
mate the ionization state of the gas along each sightline.
Under equilibrium conditions, which we assume apply,
the ionization state is determined by the incident radi-
ation field (photoionization) and temperature of the gas
(collisional ionization). A proper handling of radiative
transfer effects are beyond the scope of this present pa-
per. Instead, we examine the simulations in regions ex-
pected to correspond to optically thin material, i.e. where
the HI column density is low because the gas is expected
to be highly ionized.
We calculated the ionization states for hydrogen and

oxygen throughout the zoomed region assuming optically
thin conditions and the Haardt & Madau (2011) UV radi-
ation field evaluated at z = 0. With the Cloudy software
package (v10.0) last described in Ferland et al. (1998),
we generated a suite of models varying the density, tem-
perature, and metallicity of the medium and used the
output to find the OVI and HI fractions for all the gas
in the simulation.
In Figure 1 we present column density maps for HI

and OVI for the LF and MF runs of galaxy HM. Both
simulations predict a CGM extending to at least 100 kpc
traced by cool HI gas and the more highly ionized OVI
gas. Figure 2 presents three phase-diagrams of the CGM
material in each galaxy. The top phase diagrams include
the total halo gas mass in the simulations. The middle
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We are now recognizing that the CGM is (the?) a major 
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Simulated Gaseous Halos 3
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which creates more massive stars for a given stellar
mass;

• the star formation density threshold is increased to
9.3 cm−3;

• the energy input from supernovae is increased to
1051 ergs;

• we include energy from radiation released by the
massive young stars before they explode as super-
novae.

Radiation pressure from massive stars can have signif-
icant effects on the scales that are resolved in our simu-
lations (Nath & Silk 2009; Murray et al. 2011). Massive
stars typically produce 1050 ergs of energy per M",
yet this couples only weakly to the ISM (Freyer et al.
2006). To mimic this inefficiency, we inject a fraction
of the energy as thermal energy in the surrounding gas,
and do not turn off cooling (for details see Brook et al.
2011b). Such thermal energy injection is highly ineffi-
cient at the spatial and temporal resolution of cosmo-
logical simulations, and is rapidly radiated away(Katz
1992) This feedback is even less efficient at low resolu-
tion. Following a parameter search designed to match
the stellar mass - halo mass resolution from halo
abundance matching (Moster et al. 2010), we in-
ject 17.5% of radiation pressure to the surrounding gas
as thermal energy in the lower resolution (HM) simula-
tion, but only 10% in the higher resolution runs(LM).
The overall coupling of energy to the ISM is minimal,
but sufficient to reduce star formation in the region im-
mediately surrounding a recently formed star particle.
HM LF and HM MF use the same initial conditions

and each simulated galaxy has an absolute V -band mag-
nitude MV ≈ −20.8 implying a luminosity L ≈ 0.8L∗.
This is somewhat surprising given that the two runs yield
very different stellar masses for the galaxy; this differ-
ence is compensated by the fact that each galaxy fol-
lows a very different star formation history (see Figure
7) such that the different stellar ages result in compa-
rable V-band luminosity, but B − V colours of 0.37 for
HM MF and 0.55 for HM LF. HM MF was analysed in
Macciò et al. (2012). LM LF and LM MF use different
initial conditions of similar halo mass. They are selected
because each has MV ≈ −19. The LM LF initial condi-
tions run with MaGICC feedback have MV ≈ −16.2.
To summarize the internal properties of the galaxies,
the lower feedback galaxies suffer from the problems of
angular momentum loss that have long plagued galaxy
formation simulations: dense central stellar bulges, cen-
trally peaked rotation curves, dark matter cusps and too
many stars relative to halo mass compared to observa-
tions. The MaGICC feedback simulations result in galax-
ies which match the stellar mass-halo mass relation, have
slowly rising rotation curves, and dark matter cores. The
MaGICC feedback simulations provide significantly bet-
ter matches to internal properties of observed disc galax-
ies.

Figure 1. Column density maps of HI (top) and OVI (bottom)
of the low (left) and high (right) feedback simulations. The maps
are all aligned so that the discs of the galaxies are edge on to
the viewer. The results on scales greater than 10 kpc are
relatively independent of viewing angle.

3. RESULTS

To study the CGM properties of the simulated galaxies,
we find the galaxy using the Amiga Halo Finder (Knoll-
mann & Knebe 2009) and define its center and systemic
velocity by the position and velocity of the particle with
the lowest potential. We may then sample the CGM at a
range of impact parameters ρ. To generate surface den-
sity maps of the CGM, we sum each box over 1 Mpc
along the line of sight. The maximum velocity of the
material in the box is |δv| < 200 km s−1. To estimate the
specific column densities of HI and OVI, we must esti-
mate the ionization state of the gas along each sightline.
Under equilibrium conditions, which we assume apply,
the ionization state is determined by the incident radi-
ation field (photoionization) and temperature of the gas
(collisional ionization). A proper handling of radiative
transfer effects are beyond the scope of this present pa-
per. Instead, we examine the simulations in regions ex-
pected to correspond to optically thin material, i.e. where
the HI column density is low because the gas is expected
to be highly ionized.
We calculated the ionization states for hydrogen and

oxygen throughout the zoomed region assuming optically
thin conditions and the Haardt & Madau (2011) UV radi-
ation field evaluated at z = 0. With the Cloudy software
package (v10.0) last described in Ferland et al. (1998),
we generated a suite of models varying the density, tem-
perature, and metallicity of the medium and used the
output to find the OVI and HI fractions for all the gas
in the simulation.
In Figure 1 we present column density maps for HI

and OVI for the LF and MF runs of galaxy HM. Both
simulations predict a CGM extending to at least 100 kpc
traced by cool HI gas and the more highly ionized OVI
gas. Figure 2 presents three phase-diagrams of the CGM
material in each galaxy. The top phase diagrams include
the total halo gas mass in the simulations. The middle
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Figure 2. Columns one and two show the median log overdensity and median log temperature; subsequent columns show median log
column densities for each ion as labelled, all at z=0.25. First three rows are for vzw; the first row is for mass bin 1011M!, second
for 1012M!, and the third for 1013M!. The fourth and fifth rows are for 1012M!halos in the constant wind and no wind models,
respectively, and are discussed further in §7. Note the colour scales for H i and Neviii are different than for the other ions. All panels are
658 kpc across.

The histograms along the temperature and overdensity
axes indicate the relative fractions of the cosmic mass den-
sity (grey histograms) and the absorption systems found in
our lines of sight (red) as a function of temperature and
overdensity. Comparing the red and grey histograms indi-
cates how well the absorption seen in each ion at a given
impact parameter traces the underlying density and temper-
ature distribution of all such ions within the volume. Note
that the histograms are linearly (not logarithmically) scaled,
and that the integral under the red and grey histograms are
set to be equal. The grey histograms are the same for all
plots of a given ion, and sum only gas outside galactic ISM”
before the coma in sentence above I think. In contrast, the
red histograms vary depending on the absorption found for
the targeted sight lines at various b. To make the plots more
clear, the red histograms have been generated with a cap in
column density of 1016 cm−2 for H i and 1015 cm−2 for the
metal lines. All the lines above these values have been set
to this value when summing the column density-weighted
histogram, to avoid having the histograms skewed by single
large, saturated absorbers, since such absorbers generally
have highly uncertain column densities from Voigt profile
fitting. This affects 1.3% of all H i absorbers and no more
than 0.7% of all metal-line systems.

The vertical column of panels show the distribution at
three different targeted impact parameters, 10 kpc, 100 kpc,

and 1 Mpc, along with random LOS (bottom) for each ionic
species. The different columns correspond to different ions,
beginning with H i and then ordered by increasing ionisa-
tion potential (discussed below in Figure 6), namely Mg II,
Si iv, C iv, Ovi, and Neviii. Each galaxy has four LOS per
impact parameter, and there are 250 galaxies per mass bin.
Therefore, each panel of the top three rows represent 1000
lines of sight. We use a velocity window of ±300 kms−1

for the targeted LOS throughout, which we justify in §4 as
the window containing the majority of absorption associated
with the galaxy. Hence, the total path length in each panel
is 6× 105 km s−1 or δz = 2.52. In the bottom row, we sub-
sample the absorbers from the random lines of sight chosen
to cover an equivalent redshift pathlength.

The first clear trend from these figures is that the num-
ber of systems goes down with increasing impact parame-
ter. The rate at which the number drops shows some differ-
ences among the various ions; we will explore this further
in §6. The straightforward explanation for this is that both
the metallicity and the gas density drop as one moves away
from the galaxy, which translates into less metal absorption.
Nonetheless, it is clear that even at 1 Mpc, there are more
systems than in the random LOS (see §6).

Examining the plots more closely, one sees that for some
ions there is a distinct shift in the overdensities probed by
that ion as one moves out in impact parameter. This is most
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Simulated Gaseous Halos 3

star formation and feedback:

• we use the more common Chabrier (2003) IMF
which creates more massive stars for a given stellar
mass;

• the star formation density threshold is increased to
9.3 cm−3;

• the energy input from supernovae is increased to
1051 ergs;

• we include energy from radiation released by the
massive young stars before they explode as super-
novae.

Radiation pressure from massive stars can have signif-
icant effects on the scales that are resolved in our simu-
lations (Nath & Silk 2009; Murray et al. 2011). Massive
stars typically produce 1050 ergs of energy per M",
yet this couples only weakly to the ISM (Freyer et al.
2006). To mimic this inefficiency, we inject a fraction
of the energy as thermal energy in the surrounding gas,
and do not turn off cooling (for details see Brook et al.
2011b). Such thermal energy injection is highly ineffi-
cient at the spatial and temporal resolution of cosmo-
logical simulations, and is rapidly radiated away(Katz
1992) This feedback is even less efficient at low resolu-
tion. Following a parameter search designed to match
the stellar mass - halo mass resolution from halo
abundance matching (Moster et al. 2010), we in-
ject 17.5% of radiation pressure to the surrounding gas
as thermal energy in the lower resolution (HM) simula-
tion, but only 10% in the higher resolution runs(LM).
The overall coupling of energy to the ISM is minimal,
but sufficient to reduce star formation in the region im-
mediately surrounding a recently formed star particle.
HM LF and HM MF use the same initial conditions

and each simulated galaxy has an absolute V -band mag-
nitude MV ≈ −20.8 implying a luminosity L ≈ 0.8L∗.
This is somewhat surprising given that the two runs yield
very different stellar masses for the galaxy; this differ-
ence is compensated by the fact that each galaxy fol-
lows a very different star formation history (see Figure
7) such that the different stellar ages result in compa-
rable V-band luminosity, but B − V colours of 0.37 for
HM MF and 0.55 for HM LF. HM MF was analysed in
Macciò et al. (2012). LM LF and LM MF use different
initial conditions of similar halo mass. They are selected
because each has MV ≈ −19. The LM LF initial condi-
tions run with MaGICC feedback have MV ≈ −16.2.
To summarize the internal properties of the galaxies,
the lower feedback galaxies suffer from the problems of
angular momentum loss that have long plagued galaxy
formation simulations: dense central stellar bulges, cen-
trally peaked rotation curves, dark matter cusps and too
many stars relative to halo mass compared to observa-
tions. The MaGICC feedback simulations result in galax-
ies which match the stellar mass-halo mass relation, have
slowly rising rotation curves, and dark matter cores. The
MaGICC feedback simulations provide significantly bet-
ter matches to internal properties of observed disc galax-
ies.

Figure 1. Column density maps of HI (top) and OVI (bottom)
of the low (left) and high (right) feedback simulations. The maps
are all aligned so that the discs of the galaxies are edge on to
the viewer. The results on scales greater than 10 kpc are
relatively independent of viewing angle.

3. RESULTS

To study the CGM properties of the simulated galaxies,
we find the galaxy using the Amiga Halo Finder (Knoll-
mann & Knebe 2009) and define its center and systemic
velocity by the position and velocity of the particle with
the lowest potential. We may then sample the CGM at a
range of impact parameters ρ. To generate surface den-
sity maps of the CGM, we sum each box over 1 Mpc
along the line of sight. The maximum velocity of the
material in the box is |δv| < 200 km s−1. To estimate the
specific column densities of HI and OVI, we must esti-
mate the ionization state of the gas along each sightline.
Under equilibrium conditions, which we assume apply,
the ionization state is determined by the incident radi-
ation field (photoionization) and temperature of the gas
(collisional ionization). A proper handling of radiative
transfer effects are beyond the scope of this present pa-
per. Instead, we examine the simulations in regions ex-
pected to correspond to optically thin material, i.e. where
the HI column density is low because the gas is expected
to be highly ionized.
We calculated the ionization states for hydrogen and

oxygen throughout the zoomed region assuming optically
thin conditions and the Haardt & Madau (2011) UV radi-
ation field evaluated at z = 0. With the Cloudy software
package (v10.0) last described in Ferland et al. (1998),
we generated a suite of models varying the density, tem-
perature, and metallicity of the medium and used the
output to find the OVI and HI fractions for all the gas
in the simulation.
In Figure 1 we present column density maps for HI

and OVI for the LF and MF runs of galaxy HM. Both
simulations predict a CGM extending to at least 100 kpc
traced by cool HI gas and the more highly ionized OVI
gas. Figure 2 presents three phase-diagrams of the CGM
material in each galaxy. The top phase diagrams include
the total halo gas mass in the simulations. The middle
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Figure 2. Columns one and two show the median log overdensity and median log temperature; subsequent columns show median log
column densities for each ion as labelled, all at z=0.25. First three rows are for vzw; the first row is for mass bin 1011M!, second
for 1012M!, and the third for 1013M!. The fourth and fifth rows are for 1012M!halos in the constant wind and no wind models,
respectively, and are discussed further in §7. Note the colour scales for H i and Neviii are different than for the other ions. All panels are
658 kpc across.

The histograms along the temperature and overdensity
axes indicate the relative fractions of the cosmic mass den-
sity (grey histograms) and the absorption systems found in
our lines of sight (red) as a function of temperature and
overdensity. Comparing the red and grey histograms indi-
cates how well the absorption seen in each ion at a given
impact parameter traces the underlying density and temper-
ature distribution of all such ions within the volume. Note
that the histograms are linearly (not logarithmically) scaled,
and that the integral under the red and grey histograms are
set to be equal. The grey histograms are the same for all
plots of a given ion, and sum only gas outside galactic ISM”
before the coma in sentence above I think. In contrast, the
red histograms vary depending on the absorption found for
the targeted sight lines at various b. To make the plots more
clear, the red histograms have been generated with a cap in
column density of 1016 cm−2 for H i and 1015 cm−2 for the
metal lines. All the lines above these values have been set
to this value when summing the column density-weighted
histogram, to avoid having the histograms skewed by single
large, saturated absorbers, since such absorbers generally
have highly uncertain column densities from Voigt profile
fitting. This affects 1.3% of all H i absorbers and no more
than 0.7% of all metal-line systems.

The vertical column of panels show the distribution at
three different targeted impact parameters, 10 kpc, 100 kpc,

and 1 Mpc, along with random LOS (bottom) for each ionic
species. The different columns correspond to different ions,
beginning with H i and then ordered by increasing ionisa-
tion potential (discussed below in Figure 6), namely Mg II,
Si iv, C iv, Ovi, and Neviii. Each galaxy has four LOS per
impact parameter, and there are 250 galaxies per mass bin.
Therefore, each panel of the top three rows represent 1000
lines of sight. We use a velocity window of ±300 kms−1

for the targeted LOS throughout, which we justify in §4 as
the window containing the majority of absorption associated
with the galaxy. Hence, the total path length in each panel
is 6× 105 km s−1 or δz = 2.52. In the bottom row, we sub-
sample the absorbers from the random lines of sight chosen
to cover an equivalent redshift pathlength.

The first clear trend from these figures is that the num-
ber of systems goes down with increasing impact parame-
ter. The rate at which the number drops shows some differ-
ences among the various ions; we will explore this further
in §6. The straightforward explanation for this is that both
the metallicity and the gas density drop as one moves away
from the galaxy, which translates into less metal absorption.
Nonetheless, it is clear that even at 1 Mpc, there are more
systems than in the random LOS (see §6).

Examining the plots more closely, one sees that for some
ions there is a distinct shift in the overdensities probed by
that ion as one moves out in impact parameter. This is most
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Simulated Gaseous Halos 3

star formation and feedback:

• we use the more common Chabrier (2003) IMF
which creates more massive stars for a given stellar
mass;

• the star formation density threshold is increased to
9.3 cm−3;

• the energy input from supernovae is increased to
1051 ergs;

• we include energy from radiation released by the
massive young stars before they explode as super-
novae.

Radiation pressure from massive stars can have signif-
icant effects on the scales that are resolved in our simu-
lations (Nath & Silk 2009; Murray et al. 2011). Massive
stars typically produce 1050 ergs of energy per M",
yet this couples only weakly to the ISM (Freyer et al.
2006). To mimic this inefficiency, we inject a fraction
of the energy as thermal energy in the surrounding gas,
and do not turn off cooling (for details see Brook et al.
2011b). Such thermal energy injection is highly ineffi-
cient at the spatial and temporal resolution of cosmo-
logical simulations, and is rapidly radiated away(Katz
1992) This feedback is even less efficient at low resolu-
tion. Following a parameter search designed to match
the stellar mass - halo mass resolution from halo
abundance matching (Moster et al. 2010), we in-
ject 17.5% of radiation pressure to the surrounding gas
as thermal energy in the lower resolution (HM) simula-
tion, but only 10% in the higher resolution runs(LM).
The overall coupling of energy to the ISM is minimal,
but sufficient to reduce star formation in the region im-
mediately surrounding a recently formed star particle.
HM LF and HM MF use the same initial conditions

and each simulated galaxy has an absolute V -band mag-
nitude MV ≈ −20.8 implying a luminosity L ≈ 0.8L∗.
This is somewhat surprising given that the two runs yield
very different stellar masses for the galaxy; this differ-
ence is compensated by the fact that each galaxy fol-
lows a very different star formation history (see Figure
7) such that the different stellar ages result in compa-
rable V-band luminosity, but B − V colours of 0.37 for
HM MF and 0.55 for HM LF. HM MF was analysed in
Macciò et al. (2012). LM LF and LM MF use different
initial conditions of similar halo mass. They are selected
because each has MV ≈ −19. The LM LF initial condi-
tions run with MaGICC feedback have MV ≈ −16.2.
To summarize the internal properties of the galaxies,
the lower feedback galaxies suffer from the problems of
angular momentum loss that have long plagued galaxy
formation simulations: dense central stellar bulges, cen-
trally peaked rotation curves, dark matter cusps and too
many stars relative to halo mass compared to observa-
tions. The MaGICC feedback simulations result in galax-
ies which match the stellar mass-halo mass relation, have
slowly rising rotation curves, and dark matter cores. The
MaGICC feedback simulations provide significantly bet-
ter matches to internal properties of observed disc galax-
ies.

Figure 1. Column density maps of HI (top) and OVI (bottom)
of the low (left) and high (right) feedback simulations. The maps
are all aligned so that the discs of the galaxies are edge on to
the viewer. The results on scales greater than 10 kpc are
relatively independent of viewing angle.

3. RESULTS

To study the CGM properties of the simulated galaxies,
we find the galaxy using the Amiga Halo Finder (Knoll-
mann & Knebe 2009) and define its center and systemic
velocity by the position and velocity of the particle with
the lowest potential. We may then sample the CGM at a
range of impact parameters ρ. To generate surface den-
sity maps of the CGM, we sum each box over 1 Mpc
along the line of sight. The maximum velocity of the
material in the box is |δv| < 200 km s−1. To estimate the
specific column densities of HI and OVI, we must esti-
mate the ionization state of the gas along each sightline.
Under equilibrium conditions, which we assume apply,
the ionization state is determined by the incident radi-
ation field (photoionization) and temperature of the gas
(collisional ionization). A proper handling of radiative
transfer effects are beyond the scope of this present pa-
per. Instead, we examine the simulations in regions ex-
pected to correspond to optically thin material, i.e. where
the HI column density is low because the gas is expected
to be highly ionized.
We calculated the ionization states for hydrogen and

oxygen throughout the zoomed region assuming optically
thin conditions and the Haardt & Madau (2011) UV radi-
ation field evaluated at z = 0. With the Cloudy software
package (v10.0) last described in Ferland et al. (1998),
we generated a suite of models varying the density, tem-
perature, and metallicity of the medium and used the
output to find the OVI and HI fractions for all the gas
in the simulation.
In Figure 1 we present column density maps for HI

and OVI for the LF and MF runs of galaxy HM. Both
simulations predict a CGM extending to at least 100 kpc
traced by cool HI gas and the more highly ionized OVI
gas. Figure 2 presents three phase-diagrams of the CGM
material in each galaxy. The top phase diagrams include
the total halo gas mass in the simulations. The middle
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Figure 2. Columns one and two show the median log overdensity and median log temperature; subsequent columns show median log
column densities for each ion as labelled, all at z=0.25. First three rows are for vzw; the first row is for mass bin 1011M!, second
for 1012M!, and the third for 1013M!. The fourth and fifth rows are for 1012M!halos in the constant wind and no wind models,
respectively, and are discussed further in §7. Note the colour scales for H i and Neviii are different than for the other ions. All panels are
658 kpc across.

The histograms along the temperature and overdensity
axes indicate the relative fractions of the cosmic mass den-
sity (grey histograms) and the absorption systems found in
our lines of sight (red) as a function of temperature and
overdensity. Comparing the red and grey histograms indi-
cates how well the absorption seen in each ion at a given
impact parameter traces the underlying density and temper-
ature distribution of all such ions within the volume. Note
that the histograms are linearly (not logarithmically) scaled,
and that the integral under the red and grey histograms are
set to be equal. The grey histograms are the same for all
plots of a given ion, and sum only gas outside galactic ISM”
before the coma in sentence above I think. In contrast, the
red histograms vary depending on the absorption found for
the targeted sight lines at various b. To make the plots more
clear, the red histograms have been generated with a cap in
column density of 1016 cm−2 for H i and 1015 cm−2 for the
metal lines. All the lines above these values have been set
to this value when summing the column density-weighted
histogram, to avoid having the histograms skewed by single
large, saturated absorbers, since such absorbers generally
have highly uncertain column densities from Voigt profile
fitting. This affects 1.3% of all H i absorbers and no more
than 0.7% of all metal-line systems.

The vertical column of panels show the distribution at
three different targeted impact parameters, 10 kpc, 100 kpc,

and 1 Mpc, along with random LOS (bottom) for each ionic
species. The different columns correspond to different ions,
beginning with H i and then ordered by increasing ionisa-
tion potential (discussed below in Figure 6), namely Mg II,
Si iv, C iv, Ovi, and Neviii. Each galaxy has four LOS per
impact parameter, and there are 250 galaxies per mass bin.
Therefore, each panel of the top three rows represent 1000
lines of sight. We use a velocity window of ±300 kms−1

for the targeted LOS throughout, which we justify in §4 as
the window containing the majority of absorption associated
with the galaxy. Hence, the total path length in each panel
is 6× 105 km s−1 or δz = 2.52. In the bottom row, we sub-
sample the absorbers from the random lines of sight chosen
to cover an equivalent redshift pathlength.

The first clear trend from these figures is that the num-
ber of systems goes down with increasing impact parame-
ter. The rate at which the number drops shows some differ-
ences among the various ions; we will explore this further
in §6. The straightforward explanation for this is that both
the metallicity and the gas density drop as one moves away
from the galaxy, which translates into less metal absorption.
Nonetheless, it is clear that even at 1 Mpc, there are more
systems than in the random LOS (see §6).

Examining the plots more closely, one sees that for some
ions there is a distinct shift in the overdensities probed by
that ion as one moves out in impact parameter. This is most
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J. Xavier Prochaska (UCO, UC Santa Cruz)
Inter(galactic+stellar) Medium Program of Studies [IMPS]

The CGM of Massive z~2 Galaxies
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Quasar Pairs (Projected)

~200 pairs discovered in follow-up observations 
using candidates from SDSS, 2dF, etc.

Thousands with R>500kpc from SDSS/BOSS

Hennawi+ 06
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Quasar Pairs (Projected)

~200 pairs discovered in follow-up observations 
using candidates from SDSS, 2dF, etc.

Thousands with R>500kpc from SDSS/BOSS

Hennawi+ 06

Δθ = 3.7” 
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Quasar Pairs (Projected)

~200 pairs discovered in follow-up observations 
using candidates from SDSS, 2dF, etc.

Thousands with R>500kpc from SDSS/BOSS

Hennawi+ 06

Δθ = 3.7” zbg = 3.13
zfg  = 2.29
R⊥ = 31 kpc
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Quasar Clustering: Massive Galaxies

r0 ~ 7 Mpc/h

Mhalo ~ 1012.5 MSun

The f/g Quasar ‘tags’ a massive host galaxy.
These evolve (preferentially) into massive ellipticals.

Porciani+07
White+12 (BOSS)
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Quasar Clustering: Massive Galaxies

r0 ~ 7 Mpc/h

Mhalo ~ 1012.5 MSun

The f/g Quasar ‘tags’ a massive host galaxy.
These evolve (preferentially) into massive ellipticals.

Porciani+07
White+12 (BOSS)
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A “Subtlety”:  Quasar Feedback

The QSO *may* affect the CGM.
Radiatively and/or with kinetic feedback.
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• QSO redshifts are notoriously 
uncertain
‣ Re-analyzed every f/g spectrum
✦ Restrict to higher quality cases
✦ σmin = 272 km/s;  σmax = 800km/s

• IGM presents a non-negligible 
‘background’ at z>2
‣ Is the absorption CGM?
• QSO continua are difficult 
‣ Especially at z>2.5
• Quasar emits copious ionizing 

radiation
‣ Eliminate/modify the CGM?

30

QPQ: Challenges to CGM Analysis
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• Average flux 
‣ Centered on zfg
✦ Window of +/- 1000 km/s
‣ Control sample drawn from QPQ6
• Enhanced HI absorption above 

the mean IGM
‣ 15% lower <F>
‣ Assessed from control
✦ And independent IGM measures

• Enhancement extends to at 
least 1 Mpc
‣ Signal is dominated by R>500 

kpc sightlines

31

Blunt HI Measure: Individual <F>
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Mapping <F>
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QSO redshift errors are washed out.
So are continuum uncertainties and the IGM!

Wednesday, March 20, 13



−4000 −2000 0 2000 4000
Relative Velocity (km s−1)

0.0

0.5

1.0

Rphys < 1 Mpc
Mean

−4000 −2000 0 2000 4000
Relative Velocity (km s−1)

0.0

0.5

1.0

Rphys < 1 Mpc
Mean

Stacked Spectra at HI Lya

QSO redshift errors are washed out.
So are continuum uncertainties and the IGM!

IGM

Wednesday, March 20, 13



     
0.0

0.5

1.0

Rphys < 1 Mpc
Mean

−4000 −2000 0 2000 4000
Relative Velocity (km s−1)

0.0

0.5

1.0

Rphys < 1 Mpc
Median

     
0.0

0.5

1.0

Rphys < 1 Mpc
Mean

−4000 −2000 0 2000 4000
Relative Velocity (km s−1)

0.0

0.5

1.0

Rphys < 1 Mpc
Median

Stacked Spectra at HI Lya

QSO redshift errors are washed out.
So are continuum uncertainties and the IGM!

IGM

Wednesday, March 20, 13



     
0.0

0.5

1.0

Rphys < 1 Mpc
Mean

WLyα = 1.06A
σ = 762 km/s

−4000 −2000 0 2000 4000
Relative Velocity (km s−1)

0.0

0.5

1.0

Rphys < 1 Mpc
Median

WLyα = 0.78A
σ = 742 km/s

     
0.0

0.5

1.0

Rphys < 1 Mpc
Mean

WLyα = 1.06A
σ = 762 km/s

−4000 −2000 0 2000 4000
Relative Velocity (km s−1)

0.0

0.5

1.0

Rphys < 1 Mpc
Median

WLyα = 0.78A
σ = 742 km/s

Stacked Spectra at HI Lya

QSO redshift errors are washed out.
So are continuum uncertainties and the IGM!

IGM

Wednesday, March 20, 13



     
0.0

0.5

1.0

Rphys < 1 Mpc
Mean

WLyα = 1.06A
σ = 762 km/s

−4000 −2000 0 2000 4000
Relative Velocity (km s−1)

0.0

0.5

1.0

Rphys < 1 Mpc
Median

WLyα = 0.78A
σ = 742 km/s

     
0.0

0.5

1.0

Rphys < 1 Mpc
Mean

−4000 −2000 0 2000 4000
Relative Velocity (km s−1)

0.0

0.5

1.0

Rphys < 1 Mpc
Median

     
0.0

0.5

1.0

Rphys < 1 Mpc
Mean

WLyα = 1.06A
σ = 762 km/s

−4000 −2000 0 2000 4000
Relative Velocity (km s−1)

0.0

0.5

1.0

Rphys < 1 Mpc
Median

WLyα = 0.78A
σ = 742 km/s

     
0.0

0.5

1.0

Rphys < 1 Mpc
Mean

−4000 −2000 0 2000 4000
Relative Velocity (km s−1)

0.0

0.5

1.0

Rphys < 1 Mpc
Median

Stacked Spectra at HI Lya

QSO redshift errors are washed out.
So are continuum uncertainties and the IGM!

IGM

Wednesday, March 20, 13



     
0.0

0.5

1.0

Rphys < 1 Mpc
Mean

WLyα = 1.06A
σ = 762 km/s

−4000 −2000 0 2000 4000
Relative Velocity (km s−1)

0.0

0.5

1.0

Rphys < 1 Mpc
Median

WLyα = 0.78A
σ = 742 km/s

     
0.0

0.5

1.0

Rphys < 1 Mpc
Mean

σ(WLyα) = 0.10A

−4000 −2000 0 2000 4000
Relative Velocity (km s−1)

0.0

0.5

1.0

Rphys < 1 Mpc
Median

N
or

m
al

iz
ed

 F
lu

x

     
0.0

0.5

1.0

Rphys < 1 Mpc
Mean

WLyα = 1.06A
σ = 762 km/s

−4000 −2000 0 2000 4000
Relative Velocity (km s−1)

0.0

0.5

1.0

Rphys < 1 Mpc
Median

WLyα = 0.78A
σ = 742 km/s

     
0.0

0.5

1.0

Rphys < 1 Mpc
Mean

σ(WLyα) = 0.10A

−4000 −2000 0 2000 4000
Relative Velocity (km s−1)

0.0

0.5

1.0

Rphys < 1 Mpc
Median

N
or

m
al

iz
ed

 F
lu

x
Stacked Spectra at HI Lya

QSO redshift errors are washed out.
So are continuum uncertainties and the IGM!

IGM

Wednesday, March 20, 13



• IGM traces overdensity
‣ Calculations in the quasi-linear 

regime
✦ Must avoid the CGM
✦ Need to run simulations on halos with 

M >> 1012 MSun

‣ Cross-correlation yields mass
✦ e.g.  Kim & Croft 2008

• Current results
‣ Entirely ignore QSO radiation!
‣ Extrapolation of estimations 

from M < 1012 MSun
✦ MHalo = 1012.5 MSun at z ~ 2.5
✦ Consistent with clustering measures

34

QSO Host Mass: <F> at ~2 cMpc/h
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• WLyα

‣ Measured relative to the mean 
IGM opacity
✦ Measured away from zfg

‣ Gaussian fit to the absorption
✦ Reasonable model of the data

• Current results
‣ Strong anti-correlation 

between WLyα and Rphys
✦ WLyα at R<200 kpc exceeds 1.5 Ang!
‣ Is there a distinct CGM??
✦ Difficult to prove using stacked 

spectra...

35

WLyα vs. Impact Parameter
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• WLyα

‣ Measured relative to the mean 
IGM opacity
✦ Measured away from zfg

‣ Gaussian fit to the absorption
✦ Reasonable model of the data

• Current results
‣ Strong anti-correlation 

between WLyα and Rphys
✦ WLyα at R<200 kpc exceeds 1.5 Ang!
‣ Is there a distinct CGM??
✦ Difficult to prove using stacked 

spectra...
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HI Absorption at R < 300 kpc

Keck/LRIS spectrum
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Hennawi et al. (2007)
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Hennawi et al. (2007)

zbg = 3.13
zfg  = 2.29
R⊥ = 31 kpc
logNHI = 20.5

b/g QSO

f/g QSO

Δθ = 3.7” 
2’
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zbg = 2.53
zfg  = 2.43
R⊥ = 108 kpc
logNHI = 19.7

Δθ = 13.3” 
2’

Hennawi et al. (2007)
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QPQ5: Probing the CGM
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• High ~60% covering factor for R < rvir  (160 kpc)
• This cold gas is not seen along the QSO line-of-sight 

72	
  sightlines	
  with	
  
R⊥	
  <	
  300	
  kpc

R⊥	
  	
  (impact	
  parameter)

P,	
  Hennawi,	
  Simcoe	
  2013
	
  Hennawi+	
  	
  2006,	
  2007

Optically Thick Gas at R < 300kpc

strong absorber NHI > 1017.2 cm-2 

no strong absorber
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45

Mass Dependence of the CGM

ART AMR sims, (Ceverino+ 2010)       
Rad. transfer (Fumagalli+ 2011)

Simulated LBG CGM

Fumagalli, Hennawi+ in prep

• Likely inconsistency between data and simulations
• But, these are early days for the simulations of the CGM

•  Limited mass range
•  Unaggressive feedback prescriptions
•  Unresolved astrophysics?
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• The IGrM/ICM formed at z<2
‣ QPQ results are not definitive on this matter
✦ Not too sensitive to hot gas
‣ But, the halo must lose the cool gas
✦ Violently or gradually??
✦ Does the QSO play a role?

• Current *CGM* properties
‣ Major baryonic component
✦ Easily exceeding 1010 MSun
✦ Cosmological fraction?
‣ Metal-enriched
✦ Easily 1/3 Solar
‣ Is there a hot phase, confining the cool gas?
✦ Probable, but with what mass and T?
✦ Will it ‘destroy’ the cool gas??

46

Implications:  IGrM/ICM Formation
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Implications:  Anisotropic Emission
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• Distribution of Absorbers is highly anisotropic
‣ Line-of-sight is highly ionized
✦ Transverse is unilluminated!
‣ Quasar UV emission is highly anisotropic
✦ Or intermittent
✦ This may be tested by looking for transverse emission
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QSO	
  ionizing	
  
radiaIon

• Distribution of Absorbers is highly anisotropic
‣ Line-of-sight is highly ionized
✦ Transverse is unilluminated!
‣ Quasar UV emission is highly anisotropic
✦ Or intermittent
✦ This may be tested by looking for transverse emission

• Implications
‣ Are we vastly under-predicting the quasar 

luminosity function using UV/optical sources?
✦ Consistent with obscured AGN fractions?
✦ Is all (most) of the variation viewing angle?
✦ Test with Transverse Proximity Effect (TPE)
‣ Is AGN radiative feedback important?
✦ On what scales?
✦ Where is the NV?

47
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• Is the observed CGM driven by galaxy/
AGN feedback?
‣ Metal-enriched
‣ Higher covering fraction than predicted by 

‘cold streams’ in numerical simulations
✦ Feedback driven CGM?

• But...
‣ Cool gas dominated by low ionization states
✦ Is this really a signature of active feedback?
‣ Generally modest kinematics
✦ Gas bound to the system
✦ With impressive exceptions (QPQ3)

48

Implications:  Feedback
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49

Future Directions: Kinematics

• Near-IR spectroscopy to precisely establish zfg

• Science impacts
•  Trace CGM dynamics
•  Search for inflow into QSO host (along the sightline)
•  Properly perform Transverse Proximity Effect measurements

4 PROCHASKA & HENNAWI
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SDSSJ1204+0221

Fig. 1.— GNIRS spectrum of SDSSJ1204+0221FG centered on the Hβ-[O III] emission line complex (Hβ λ4861, [O III] λ4959,
and [O III] λ5007) which is redshifted into the H-band. This spectrum was used to determine the systemic redshift of the quasar,
zfg = 2.4360 ± 0.0005, from the strong [O III] λ5007 emission line. The lower red histogram is the 1-σ noise and the smooth blue curve
overplotted on the data is the composite quasar template of Vanden Berk et al. (2001) redshifted to zfg. The upper panel shows the
atmospheric transmission for the corresponding wavelengths.

in the Interactive Data Language (IDL) and described in Hennawi & Prochaska (in prep.). Wavelength solutions were
determined by comparing extracted spectra of the night sky to an atlas of OH sky emission lines, and heliocentric
corrections were applied to the spectra. The RMS deviation in our wavelength fits were typically 1-1.5 Å (or about
0.2-0.3 pixels). In the H-band, this corresponds to a velocity uncertainty of 20−30 km s−1, but since our fits typically
use 50 lines, we believe that our wavelength solutions are accurate to better than ! 5 km s−1.
We computed a systemic redshift from the strong [O III] λ5007 emission line8 which is redshifted to ∼ 1.7 µm in the

H-band for z ∼ 2.4 (see Figure 1). We found that the most effective line-centering algorithm was to iterate a flux-
weighted line-centering scheme until the line-center converged to within a specified tolerance. We achieved more stable
results when the pixel values were weighted by a Gaussian kernel (true flux-weighting would correspond to a box-car
kernel) with dispersion set to σ[O III] = 6.04 Å, which is the average dispersion of the [O III] emission line measured
by Vanden Berk et al. (2001). We do not estimate formal errors for the line centering, as they are smaller than the
intrinsic error incurred by using [O III] as a proxy for the systemic frame. Boroson (2005) measured the distribution
of velocity shifts of the [O III] line center about the systemic frame defined by low-ionization forbidden lines. He found
that [O III] has an average blueshift of ∆v = 27 km s−1 from systemic and a dispersion of σ = 44 km s−1 about this
value. To account for the average shift, we add ∆v = 27 km s−1 to the vacuum rest wavelength of 5008.24 Å when
computing the redshift of the line. For the 1σ error on our [O III] near-IR redshifts we adopt σ = 44 km s−1. We
thus determine the systemic redshift of SDSSJ1204+0221FG to be zfg = 2.4360 ± 0.0005. All velocities are reported
relative to this redshift value for the remainder of this paper. Figure 1 shows part of the H-band region of our GNIRS
spectrum of SDSSJ1204+0221FG centered on the Hβ-[O III] emission line complex (Hβ λ4861, [O III] λ4959, and
[O III] λ5007) and our determination of the systemic redshift.
High resolution optical spectroscopy of the b/g quasar SDSSJ1204+0221BG was obtained on the nights of UT 13

8 The [O III] 4959 line is plagued by sky emission lines and the Hβ lines ia not as reliable a diagnostic as [O III] for QSO redshifts.
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• High-resolution spectroscopy
‣ Column density measurements
‣ Ionization modeling
✦ Significant uncertainties

• Science products
‣ Ionization fraction
✦ x=0.9 
‣ Metallicity
✦ [O/H] = 0.3 - 1 Solar
‣ Density
✦ nH = 1-5 cm-3

‣ Temperature
✦ T ~ 104 K
‣ Highly ionized gas?
✦ None detected

50
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• Spectral search for Lyα emission
‣ Relatively sensitive (10-17 erg/s/cm2)
‣ Sources of interest
✦ Quasar fluorescence
✦ Cooling radiation in massive halos
✦ Lyα scattering

• Current results (QPQ4)
‣ No evidence for ‘mirrored’ 

fluorescence
‣ Occasional weak ‘fuzz’ at R<50kpc
‣ One spectacular, putative 

“filament” spanning over 100 kpc

51
Spectral
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Future Directions:  Lyα Emission

Hennawi & Prochaska 2013
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Future Directions:  Lyα Emission

Cantalupo+ 2012, 2013

Keck/LRIS Narrow Band Imaging

Hennawi+ 2013
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“Slug” Nebula --
Illuminating the Cosmic Web

“Jackpot” Nebula -- 
Illuminating a gas filament connecting 4 AGN
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Future Directions:  Simulations

Cantalupo+ in prep Fumagalli+, in prep
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• Transverse Proximity Effect (TPE)
‣ Constrain quasar angular emission, 

lifetime and duty cycle

• Jeans Smoothing
‣ Thermal history of the IGM

• HeII Reionization
‣ Quasar ‘feedback’ on                           

the IGM
‣ Pan-STARRS mining

54

Other QPQ Science
Universe. This commensurability hinges on just one free parameter, the mass-to-energy conversion
or radiative efficiency, εrad, of the accretion. But this census of luminosity density must include
contributions from obscured quasars, which are thought to be accreting SMBHs where gas and
dust block our line-of-sight to the central engine. Unified models of AGN (Antonucci, 1993; Elvis,
2000) indicate that obscured (type II) AGN outnumber unobscured (type I) AGN by a factor
of ∼ 4 in the local Universe. If quasars at high-redshift are similarly predominantly obscured,
then a higher radiative efficiency is required to match the fixed local density of relic black holes,
possibly causing tension with the maximum allowed value of εrad = 0.3 for a maximally rotating
Kerr black hole (Thorne, 1974).
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Figure 4: Average Lyα forest flux (where < f >= 0 implies complete absorption) maps in the vicinity of z = 2.5
quasars computed from cosmological numerical simulations (dark matter only) of the Lyα forest. Distances are
in comoving units and the rightmost axes show distance converted to velocity via the Hubble relation. The
(leftmost) panel labeled ‘No Radiation’ shows the predicted absorption pattern around the massive quasar halo in
the absence ionization effects. If quasars are unobscured and hence emit radiation isotropically, the flux pattern
corresponds to the panel labeled ‘Unobscured’. The panel labeled ‘Obscuration’ shows the flux pattern if quasars
emit their radiation into only 17% of the solid angle, which would imply that 83% of quasars are obscured (type II)
(Note that we impose the constraint that our line-of-sight always sees an unobscured (type I) quasar to match our
experimental design). The rightmost panel labeled ‘Episodic’ shows the flux pattern if quasars emit their radiation
isotropically (unobscured), but in bursts of radiation that last only tepisodic ∼ 106 yr. The TPE clearly has great
potential for constraining the way in which quasars emit their radiation.

Over the past several years, major progress has been made in identifying large numbers
of obscured quasars from radio (Willott et al., 2000), mid-infrared (Donley et al., 2008), X-ray
(Brandt and Hasinger, 2005), and optical narrow-line emission (Zakamska et al., 2003), for which
extinction should be negligible. But the results of these various surveys appear contradictory. For
example, there is growing evidence from hard X-ray selected samples that the fraction of obscured
AGN decreases to zero at luminosities (MB < −23) characteristic of optically selected quasars
(Ueda et al., 2003; Steffen et al., 2003; Hasinger, 2008). Conversely, surveys in the mid-IR with
Spitzer indicate that the majority (∼ 50− 80%) of AGN at these luminosities are obscured (Lacy
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• CGM at z~0
‣ Nearly ubiquitous
✦ Extending to Rvir and beyond
‣ Cool, diffuse, metal-enriched
✦ Highly ionized (warm/hot?) phase too
‣ Major baryonic reservoir
✦ In Hydrogen and metals
✦ Fuel/gutter for star-formation

• CGM of Massive z~2 galaxies 
‣ Optically thick gas abounds
✦ Cool, massive component 
➡ M>1010 MSun

➡ Predominantly ionized
✦ Enhanced HI to 1Mpc
➡ Mhost = 1012.5 MSun

‣ Metal-enriched gas
✦ [C/H] > -1 (approaching solar)

‣ Kinematics
✦ Modest, but occasionally extreme

• Implications/puzzles
‣ Contradicts cold-flow paradigm
✦ Gas has been ‘well cycled’ by z=2
‣ Anisotropic quasar emission
✦ Is AGN feedback hidden?
‣ When does the IGrM/ICM form? 
✦ Does the QSO matter?

• Future+Ongoing work
‣ CGM emission (Lya)
‣ CGM across a wide mass range
‣ Transverse proximity effect
‣ IGM thermal history (Jeans scale)
‣ HeII Reionization
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Summary

Wednesday, March 20, 13


